Abstract: Resveratrol, a natural product derived from grapes and an important component of red wine, has been shown to inhibit cyclooxygenase and prevent various cancers. The purpose of this study is to investigate the effects of dietary grape extract, a source of resveratrol on intestinal cancer development in rats and to determine effects of resveratrol on cell growth in human colonic adenocarcinoma (Caco-2) cells, thus elucidating possible mechanisms of action of resveratrol. Results showed that dietary grape extract (5%, about 7 μg resveratrol consumed daily) signifi cantly decreased the incidence and multiplicity of tumors in small intestine in rats and resveratrol signifi cantly inhibited cell viability and cell proliferation in Caco-2 cells.
Introduction
Resveratrol (trans-3,5,4'-trihydroxystilbene) (Figure 1 ), a polyphenolic phytoalexin, is an important component of red wine and other grape products. This compound is abundant in grape wines, but is relatively low in fruits and vegetables. 1 Resveratrol is produced preferentially by fungal infection and the resveratrol content of wine is related to the length of time that the grape skins are present during the fermentation process. The grape skins are removed earlier during white wine production than that of red wine; thus, the concentration of resveratrol in red wine is much higher than in white wine. 2 In recent years, studies suggest that the consumption of wine, particularly of red wine, reduces the incidence and morbidity of coronary heart disease. 3, 4 Resveratrol derived from grapes was found to act as an antioxidant and antimutagen, induces phase II drug metabolizing enzymes, mediates anti-infl ammatory effects, and induces promyelocytic leukemia cell differentiation. 5 Resveratrol exhibits anticancer properties by mediating apoptosis, [6] [7] [8] arresting cell cycle progression, 9 antiproliferation 8 and inhibiting ribonucleotide reductase, ornithine decarboxylase (ODC), and cyclooxygenase (COX-2) through modulation of prostaglandin production. [10] [11] [12] [13] Studies have shown that COX-2 is overexpressed in almost 90% of human colorectal cancers 14 and nonsteroidal anti-infl ammatory drugs (NSAIDs) have been widely studied as possible chemopreventive agents in colon cancer development. 15 For example, long-term use of aspirin and other NSAIDs has shown a reduction of the risk of colon cancer and lower mortality in clinical case control studies. 15 Accordingly, inhibition of COX-2 could be an effective approach for the chemoprevention of colorectal cancers. 16 Colorectal cancers are the third most prevalent cancers in the United States and account for 10% of cancer deaths in both men and women. An estimated 108,070 new cases of colon cancer and 40,740 new cases of rectal cancer are expected to be diagnosed, and 49,960 colorectal cancer-related deaths are expected to occur in 2008. 17 Worldwide colorectal cancer affects over one million people every year and is responsible for more than a half million cancer-related annual deaths. Generally, colon cancer occurs in individuals older than 50 years and develops as a consequence of environmental carcinogens and/or genetic factors. Lifestyle factors including diet, overweight, low physical activity, and smoking may account for 70% of colorectal cancers. 18 However, effects of resveratrol on colon cancer development in animal models have not been well studied. Thus, the objective of this study is to investigate the effects of dietary grape extract (5%), a dietary source of resveratrol on azoxymethane-induced intestinal cancer development in male Fischer rats. Cancer is a disease caused by uncontrolled cell growth. 19 Accordingly, the effects of resveratrol on cell proliferation in human colonic adenocarcinoma (Caco-2) cells were also investigated to elucidate the possible mechanism of action of resveratrol. 
Materials and method Materials

Freeze-dried grape extract preparation
The preparation is composed of fresh grapes that have been frozen and ground with food-quality dry ice, freeze-dried and reground using good manufacturing practice for food products. As with fresh grapes, the preparation is known to contain resveratrol, fl avans (including catechin), fl avonols (including quercetin), anthocyanins, and simple phenolics as shown in Table 1 .
Animals
Male Fischer rats (six-week-old) were purchased from Charles River (Wilmington, MA). Rats were housed in the College of Pharmacy animal room facility (temperature 22 °C ± 1 °C, humidity 40% to 60%, and light from 6:00 AM. to 6:00 PM.) and provided food and water ad libitium.
Colon carcinogenesis protocol
The carcinogenesis protocol described by Bommareddy and colleagues 20 was used to induce colon cancer. Six-weekold male Fischer rats were divided into two groups with 30 rats in each group as follows: Group 1: Control (AIN-76A diet); Group 2: Grape extract (AIN-76A containing 5% w/w grape extract). 
Effects of resveratrol on intestinal cancer development
Supplemented diet was prepared on a weekly basis by mixing the AIN-76A meal with an appropriate amount of grape extract in a mechanical mixer and was stored in the refrigerator.
After the rats from both groups had been on this diet for a week, they received subcutaneous injections of azoxymethane (15 mg/kg per week) for three weeks. The rats in all groups were weighted every week. The experiment was continued for 35 weeks after the last injection of azoxymethane. Then, the rats were anesthetized with ether. The intestinal tract was removed, fl ushed with 0.9% NaCl, and the number and sites of tumors recorded.
Cell culture
Human colonic adenocarcinoma (Caco-2) cell line was obtained from the American Type Culture Collection (ATCC; Manassas, VA). Cells were grown in DMEM, supplemented with 10% heat-inactivated FBS, 100 unit/mL of penicillin, and 100 μg/mL of streptomycin in a humidifi ed atmosphere containing 5% CO 2 and 95% air at 37 °C.
Resveratrol solution
Resveratrol was dissolved in DMSO to make a concentration of 0.3 mol/L as stock solution, and the stock solution was diluted in DMEM for producing different concentrations and immediately used. In all the assays, the fi nal concentration of DMSO in DMEM was 0.33%.
Analysis of cell viability
Cell viability was determined by MTT assay as described by Dariusz and colleagues. 21 The cells were plated at a density of 5,000 cells/well in a 96-well plate. After 48 hours of cell attachment, cells were treated as either DMEM with 0.333% DMSO as control or various concentrations of resveratrol (1 μM-600 μM). After 72 hours of treatment, MTT stock solution (5 mg/mL) was diluted to 0.5 mg/mL by DMEM medium and immediately used. The medium covering the cells was aspirated, and then cells were incubated with 50 μL of 0.5 mg/mL MTT solution for four hours at 37 °C. Thereafter, 150 μL of DMSO was added to each well and the plate was allowed to stand for one hour at 37 °C. Absorbance was measured by SpectraMax M 2 microplate reader (Molecular Devices, Sunnyvale, CA) at 570 nm, with the absorbance at 650 nm to correct for background in the presence of an appropriate blank (without cells). The blank reading was subtracted from experimental readings and cell viability was expressed as the percentage of the absorbance values of treated groups to untreated controls.
Analysis of cell proliferation
Cell proliferation was assessed by BrdU incorporation using colorimetric ELISA kit (Roche Diagnostics GmbH). Cells were plated and treated as described for the MTT assay. According to the protocol provided by the manufacturer, at the end of treatment, cells were first labeled with BrdU. Then, the labeling medium was removed. This was followed by adding FixDenat solution (Roche Molecular Biochemistry Mannheim, Germany) and incubating the plate for 30 minutes. Subsequently, FixDenat solution was removed and cells were incubated with anti-BrdU antibody peroxidase conjugate (anti-BrdU-POD) solution for about 90 minutes. Then, substrate solution was added to each well and incubated for 20 minutes. After addition of stop solution, the absorbance of samples was measured using a microplate reader (Molecular Devices) at 450 nm with the absorbance at 690 nm as reference. The blank (without cells) was performed in each experimental setup. The absorbance value of blank was subtracted from other experimental values and cell proliferation was expressed as the percentage of absorbance values of treated groups to untreated controls.
Statistical analysis
INSTAT software (GraphPad, San Diego, CA) was used to analyze the data. Chi-square was used for analyzing the data on tumor incidence. Student t-test was used to compare the tumor multiplicity and weight gain. ANOVA followed by Tukey post-hoc test was applied to compare the statistical difference of different resveratrol treatment groups with untreated controls for cell viability and cell proliferation studies. Signifi cance in all the cases was considered at p Ͻ 0.05.
Results
Weight gain
Rats in both control and grape extract groups gained weight gradually over the 35-week experimental period. Average weight gain was not signifi cantly different between control and grape extract groups (data not presented).
Effects of grape extract on tumor incidence
The incidence of tumor in the small intestine and colon is shown in Figure 2A intestine in control and grape extract groups was 35% and 5.3%, respectively. Dietary grape extract significantly (p Ͻ 0.05) suppressed about 85% of small intestinal tumor incidence as compared to control group.
The incidence of colon tumors in control and grape preparation groups was 25% and 15.8%, respectively; however, dietary grape extract did not signifi cantly inhibit colon tumor incidence (p Ͼ 0.0.5) as compared to control group.
Effects of grape extract on tumor multiplicity
Tumor multiplicity of small intestine and colon is shown in Figure 2B . In the small intestine, control group had an average of 0.4 tumors per rat, whereas the grape extract group had an average of 0.05 tumors per rat. The mean number of tumors per rat in small intestine was signifi cantly higher (p Ͻ 0.05) in the control group than in the grape extract group.
The mean number of colon tumors per rats in the control and grape extract groups was 0.25 and 0.15, respectively. Grape extract inhibited slightly the tumor multiplicity in colon compared with the control group. However, the inhibition was not statistically signifi cant (p Ͼ 0.05).
Effects of resveratrol on cell viability in Caco-2 cells
Since grape extract inhibits tumor incidence and tumor multiplicity in small intestine of rats, our aim for in vitro Effects of resveratrol on intestinal cancer development studies was to investigate whether resveratrol, a major component of grapes, could inhibit the growth of intestinal cancer cells, thus elucidating the mechanism of action of grape extract for in vivo studies. Therefore, effects of resveratrol on cell viability in Caco-2 cell line were assessed by utilizing MTT assay. Cells were treated with various concentrations of resveratrol (1 μM-600 μM) for 72 hours. As shown in Figure 3A , resveratrol treatment (25 μM-600 μM) significantly decreased (p Ͻ 0.05) cell viability. Resveratrol treatment between 200 μM and 400 μM inhibited about 50% of cell viability in Caco-2 cells.
Effects of resveratrol on cell proliferation in Caco-2 cells
In similar treatments as above, the effects of resveratrol on cell proliferation in Caco-2 cells were investigated by BrdU incorporation assay. Resveratrol treatment (25 μM-400 μM) signifi cantly decreased (p Ͻ 0.05) cell proliferation in Caco-2 cells as shown in Figure 3B . Moreover, resveratrol treatment in a concentration of 25 μM inhibited more than 50% of cell proliferation compared with control. Overall results suggest that resveratrol treatment (25 μM-400 μM) for 72 hours could lead to a concentration-dependent inhibition of cell proliferation in Caco-2 cells. Furthermore, the ratio of proliferative cells to viable cells for each treatment was calculated to investigate the role of either inhibition of cell viability or inhibition of cell proliferation caused by resveratrol on the decrease of cell growth in Caco-2 cells. As shown in Figure 3C , the ratio of proliferative cells to viable cells for all the concentrations of resveratrol (1 μM-400 μM) was less than 1. Thus, decreasing cell growth of Caco-2 cells by resveratrol treatment was mainly due to the inhibition of cell proliferation rather than cell viability.
Discussion
Resveratrol has been reported to exhibit a wide range of biological and pharmacological properties. It has been speculated that resveratrol may act as an antioxidant and a cardioprotective agent by promoting nitric oxide production, inhibiting platelet aggregation, and increasing high-density lipoproteins. 3, 22 Recently, chemoprevention of cancer by naturally occurring agents is gaining great attention by scientists and consumers as a plausible approach for the prevention of various cancers. Studies demonstrated that resveratrol can function as a chemopreventive agent for a wide variety of cancers including breast cancer, 13, 23 skin cancer, 24 prostate cancer, 25 and colon cancer. 26 Animal studies on colon cancer also reported that dietary supplementation of resveratrol suppresses colonic tumor incidence in 1,2-dimethylhydrazine-treated rats 26 and resveratrol depresses azoxymethane-induced colon cancer development in male F344 rats for 100 days. 27 In the present study, the effects of dietary grape extract (5%; about 7 μg resveratrol consumed daily), a dietary source of resveratrol on azoxymethane-induced colon intestinal cancer development in male Fischer rats were investigated. To our knowledge, this is the fi rst study to show that dietary grape suppresses azoxymethane-induced colon cancer development in Fischer rats for 35 weeks. Azoxymethane-induced tumors share many histopathologic similarities with human tumors, and they often carry mutations of several genes such as β-catenins genes and K-ras. 28 Our results revealed that dietary grape extract (about 7 μg resveratrol consumed daily) resulted in an 85% and 88% inhibition of tumor incidence and tumor multiplicity in small intestine. Grape extract slightly decreased tumor incidence and tumor multiplicity in colon which did not reach statistical signifi cance (p Ͼ 0.05).
Cancer is a disease caused by uncontrolled cell proliferation. Accordingly, to understand the underlying mechanism(s) of the chemopreventive effects of dietary grape extract on rat colon cancer in vivo, the effects of resveratrol on cell viability and cell proliferation in Caco-2 cell line was studied in vitro. Results showed that resveratrol treatment starting at 25 μM signifi cantly (p Ͻ 0.05) decreased cell viability and cell proliferation of Caco-2 cells. Moreover, the ratio of proliferative cells to viable cells for each resveratrol treatment suggested that inhibition of cell proliferation by resveratrol treatment is a main cause of decreasing the growth of colon tumor cells.
However, resveratrol resulted a signifi cant decrease of cell proliferation in vitro at relatively high concentrations as compared to in vivo studies, and thus other mechanisms of chemoprevention of resveratrol may be involved. Recent reports demonstrated that resveratrol at lower concentrations inhibited Wnt signal throughput in colon-derived cells probably due to regulation of β-catenin localization. This activity may also contribute to the cancer prevention activity of resveratrol. 29 Overall results suggested that dietary grape extract containing resveratrol could be chemopreventive for small intestinal cancer. The amount of resveratrol in red wine is 5 μmol/L to 13 μmol/L. 29 The high metabolic activity of rats, and extrapolation of animal data suggest that even one glass (100 mL, ∼1 μmol, 250 μg) of red wine per day may provide protection against small intestinal cancer development in human. Furthermore, other components present in the dietary grape extract such as quercetin may also contribute to chemopreventive activity against intestinal cancer.
30
Future investigations, including the effects of combination of resveratrol with other components such as quercetin present in the grape are needed to fully elucidate the effects of reseveratrol in red wine on intestinal cancer prevention.
